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ABSTRACT 
Th i s  summary r e p o r t ,  submi t ted  under  the terms of  c o n t r a c t  
952606 ( s u b c o n t r a c t  under  NASA C o n t r a c t  NAS7-100, Task 
Order  N o .  RD-26), d e s c r i b e s  a computer program t h a t  w i l l  
p r i n t  t h e  power o u t p u t  of  a s o l a r  pane l  l o c a t e d  a r b i t r a r i l y  
on  t h e  s u r f a c e  of Mars. The o r i g i n a l  program w a s  developed 
under  C o n t r a c t  952035 between t h e  Je t  P ropu l s ion  Labora tory  
and E l e c t r o - O p t i c a l  Systems, and i s  d e t a i l e d  i n  EOS Report  
7254-Final ,  d a t e d  28 February  1969. 
The m o d i f i c a t i o n s  made under  t h e  p r e s e n t  c o n t r a c t  were t o :  
a. P rov ide  f o r  s o l a r  c e l l  model i n p u t  i n  terms o f  
200 (or  fewer) p o i n t s  d e s c r i b i n g  t h e  room- 
t empera tu re  I - V  c h a r a c t e r i s t i c s ,  and up t o  25 
p o i n t s  f o r  each t empera tu re  c o e f f i c i e n t .  
b. Add a s u b r o u t i n e  t o  d e f i n e  t h e  a t t e n u a t i o n  and 
s c a t t e r i n g  as a r e s u l t  of  a tmospher ic  d u s t ,  
i n c l u d i n g  l a y e r i n g  on t h e  pane l .  
c. P r i n t  o u t  impor t an t  c e l l  I-V v a l u e s  du r ing  t h r e e  
p e r i o d s  o f  t h e  Mar t i an  day. 
d. Perform a b r i e f  s tudy  o f  t h e  sand dune h e i g h t  
pec ted  on  Mars. 
T h e o r e t i c a l  c a l c u l a t i o n s  of  Rayle igh  and M i e  s c a t t e r i n g  are 
d e r i v e d  i n  t h e  r e p o r t .  
The program is inc luded ;  i t  i s  w r i t t e n  i n  F o r t r a n  I V  f o r  an  
XDS Sigma V I 1  computer. I n s t r u c t i o n s  a r e  g iven  t o  p r e p a r e  
t h e  s e t  of necessa ry  i n p u t  pa rame te r s ;  an exp lana t ion  and 
sample p r i n t o u t  are inc luded .  
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SECTION 1 
INTRODUCTION 
Included in this report are the following major items: 
I 
a. A theoretical derivation treating the Mie and Rayleigh scatter- 
ing due to the molecules and particles present in the Martian 
atmosphere. 
on a solar panel, by means of the Stokes-Cunningham equation, 
and a calculation of light attenuation through this layer. 
c. A theoretical study of the parameters of the sand dunes ex- 
pected on the Martian surface, based upon the Bagnold equa- 
tions, and other physical characteristics of the surface 
environment. 
b. A theoretical derivation of the expected dust layer buildup 
d. A discussion of a solar cell model and description of  its 
computer implementation. 
recommendations. 
e. The computer program, typical printouts, and a set of 
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SECTION 2 
THEORETICAL SCATTERING AND DUST LAYERING 
2.1 GENERAL 
I n  o r d e r  t o  de t e rmine  t h e  o u t p u t  o f  a s o l a r  c e l l  on t h e  Mar t i an  s u r f a c e ,  
i t  i s  n e c e s s a r y  t o  know t h e  i n t e n s i t y  o f  t h e  s u n l i g h t  a t  t h e  l o c a t i o n  of  
t h e  s o l a r  c e l l  on t h e  p l a n e t ' s  s u r f a c e .  S u n l i g h t  which e n t e r s  t h e  Mar t i an  
atmosphere i s  bo th  absorbed and s c a t t e r e d  by a tmospher ic  molecules .  Dust 
p a r t i c l e s  suspended i n  t h e  atmosphere w i l l  a l s o  abso rb  and s c a t t e r  t h e  
s u n l i g h t ,  b u t ,  f o r  t h e  s a k e  o f  s i m p l i c i t y ,  w e  s h a l l  c o n s i d e r  t h e  d u s t  
p a r t i c l e s  t o  b e  p e r f e c t  d i e l e c t r i c s  ( i . e . ,  nonconduct ing) ,  so  t h a t  t hey  
do n o t  abso rb  t h e  s o l a r  energy.  The i n t e n s i t y  of  t h e  s u n l i g h t  a t  t h e  
s o l a r  p a n e l  depends on t h e  a b s o r p t i o n  c o e f f i c i e n t  of t h e  molecu la r  atmo- 
s p h e r e  and t h e  s c a t t e r i n g  c o e f f i c i e n t  o f  bo th  t h e  a tmospher ic  molecules  
and t h e  d u s t  p a r t i c l e s .  These c o e f f i c i e n t s  a r e  d i s c u s s e d  i n  t h e  f o l l o -  
i n g  s u b s e c t i o n s .  
2.2 ABSORPTION COEFFICIENT OF MARTIAN ATMOSPHERE 
L e t  z deno te  t h e  a l t i t u d e  ( v e r t i c a l  d i s t a n c e  above t h e  Mar t i an  s u r f a c e )  
of a p o i n t  i n  t h e  Mar t i an  atmosphere,  and l e t  @ ( z )  deno te  t h e  a b s o r p t i o n  
c o e f f i c i e n t  of  t h e  atmosphere a t  t h i s  p o i n t .  
s i t y  of s u n l i g h t  i n  f r e e  space  a t  Mars' d i s t a n c e  from t h e  sun ,  t h e  i n -  
t e n s i t y  of  l i g h t  a t  a p o i n t  on t h e  Mar t i an  s u r f a c e  d i r e c t l y  benea th  t h e  
sun ,  r e s u l t i n g  only  from t h e  l o s s  of  energy due t o  a b s o r p t i o n  by t h e  
atmosphere,  i s  g iven  by 
Then, i f  Io i s  t h e  i n t e n -  
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where H = h e i g h t  of e f f e c t i v e  atmosphere.  
~ ( z )  , i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  d e n s i t y ,  p ( z )  , o f  t h e  atmosphere.  
Thus, 
Now, t h e  a b s o r p t i o n  c o e f f i c i e n t ,  
where 
- 5  Here, p = d e n s i t y  o f  a tmosphere a t  t h e  s u r f a c e  of  Mars = 1.465 x 10 
gm/cm , R = r a d i u s  o f  Mars = 3332 km, and 
0 
3 
3 where p, = a tmospher ic  p r e s s u r e  a t  t h e  s u r f a c e  of  Mars = 7.0 x 10 
Here, CY = 8.9 x lo5  km. 
dynes/ctn’ and K = g r a v i t a t i o n a l  c o n s t a n t  o f  Mars = 4.255 x 10’’ cm3/sec 2 . 
Combining t h e  f i r s t  t h r e e  equa t ions  g ives  
f o r  which 
There fo re  we f i n a l l y  have 
4042-SR 3 
The v a l u e s  of  Po,  po g iven  above a r e  t aken  from Ref. 1. 
o f  o u r  problem, w e  s h a l l  l e t  Ia/Io = 0.95, so t h a t  Rn(Io/Ia)  = 0.05126. 
Also,  t h e  h e i g h t  o f  t h e  e f f e c t i v e  Mar t ian  atmosphere i s  taken  as 
H = 200 km. 
For t h e  purpose 
A computer c a l c u l a t i o n  y i e l d s  
2 . 3  RAYLEIGH SCATTERING COEFFICIENT 
According t o  R e f ,  1 (Fig.  4-25), t h e  maximum s o l a r  i r r a d i a n c e  on t h e  
Mar t ian  s u r f a c e  occur s  a t  a wavelength X = 0 . 5 ~  (p, = 1 micron = 
S i n c e  t h e  d i ame te r  o f  an  a tmospher ic  molecule  i s  c o n s i d e r a b l y  less t h a n  
O . l X ,  the s c a t t e r i n g  o f  t h e  s u n l i g h t  by t h e  a tmospher ic  molecules  w i l l  
8’ be  Rayle igh- type  s c a t t e r i n g .  The Rayle igh  s c a t t e r i n g  c o e f f i c i e n t ,  s 
i s  g iven  by 
cm) .  
s = n o  R R R’ 
where n 
Rayleigh s c a t t e r i n g  c r o s s  s e c t i o n .  
an  a tmospher ic  molecule .  From R e f .  1, w e  deduce t h a t  m = 6.3 x 10- 
gram. T h e r e f o r e ,  
= molecu la r  number d e n s i t y  o f  t h e  Mar t ian  atmosphere and o R R 
= 
Here,  % = p/m, where m = mass o f  
23 
17  where n 
-3 cm . 
= molecular  number d e n s i t y  a t  t h e  s u r f a c e  o f  Mars = 2.32  x 10 
0 
According t o  R e f .  2 ,  p .3 ,  t h e  Rayle igh  s c a t t e r i n g  c r o s s  s e c t i o n  i s  g iven  
by 
4042-SR 4 
where m 
Mars and 5 = d e p o l a r i z a t i o n  f a c t o r .  It can b e  shown t h a t  m = 1.000004 
and 6 = 0.075. Then, s i n c e  h = 0.5~1, w e  have  0 = 1.79 x 10 c m  . 
= i n d e x  o f  r e f r a c t i o n  o f  Mars’ atmosphere a t  t h e  s u r f a c e  o f  
S 
S 
-26 2 
R 
Consequent ly  , 
s = noaR exp L -Tyz 1 R R(R + z )  ’ 
- 4  -1 where n 0 = 4.15 x 10 km . O R  
2 . 4  MIE SCATTERING COEFFICIENT 
The d i ame te r s  of  t h e  d u s t  p a r t i c l e s  i n  t h e  Mar t i an  atmosphere b e i n g  
cons ide red  f o r  t h i s  problem l i e  i n  t h e  range  1.0~1, 100.0~. S i n c e  t h e s e  
d i ame te r s  a r e  t h e  same o r d e r  of  magnitude as h = 0.5p, and g r e a t e r ,  t h e  
s c a t t e r i n g  o f  t h e  s u n l i g h t  by t h e  d u s t  p a r t : c l e s  w i l l  be Mie-type s c a t -  
t e r i n g .  The c l a s s i c a l  t h e o r y  which d e s c r i b e s  t h i s  t ype  of  s c a t t e r i n g  
assumes t h a t  t h e  s c a t t e r i n g  p a r t i c l e s  are  s p h e r i c a l .  Also as mentioned 
i n  t h e  i n t r o d u c t i o n ,  w e  s h a l l  assume, f o r  s i m p l i c i t y ,  t h a t  t h e  d u s t  
p a r t i c l e s  are  nonconducting. The M i e  s c a t t e r i n g  c o e f f i c i e n t ,  s ,  i s  
g iven  by 
s = no, ( 3 )  
where n = number d e n s i t y  ( c o n s t a n t )  o f  d u s t  p a r t i c l e s  i n  t h e  atmosphere,  
and u i s  t h e  Mie s c a t t e r i n g  c r o s s  s e c t i o n .  According t o  Ref. 3 ,  
i=l 
5 
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I 
where N = i ndex  o f  r e f r a c t i o n  of  a d u s t  p a r t i c l e ,  and 
p = -  2na 
A ’  
where a = r a d i u s  o f  d u s t  p a r t i c l e .  Here, 
and 
where t h e  pr imes d e n o t e  d i f f e r e n t i a t i o n  w i t h  r e s p e c t  to  t h e  argument’of 
the r e s p e c t i v e  f u n c t i o n .  F u r t h e r ,  
and 
4042 -SR 6 
A l s o ,  
Here, 
p=o 
1 
(2x) 2p 
1 
2 
and 
I: - (i-1) 
where t h e  upper  l i m i t  t h a t  u l t i m a t e l y  b e l o n p  on each  summation s i g n  i s  
t h e  n e a r e s t  i n t e g e r  t o  t h e  v a l u e  i n d i c a t e d .  
J- (i+1/2) 
The q u a n t i t i e s  J i+l/ 2 and 
are  t h e  Bessel Func t ions  o f  h a l f - i n t e g r a l  o rde r .  
2.5 INTENSITY OF SUNLIGHT AT TKE SOLAR PANEL 
The t o t a l  i n t e n s i t y  o f  s u n l i g h t  a t  t h e  s o l a r  pane l  on  t h e  Mar t i an  s u r -  
f a c e  c o n s i s t s  o f  t h r e e  p a r t s :  
t h e  a t t e n u a t i o n  o f  s o l a r  energy due  t o  a b s o r p t i o n  (by t h e  a tmospher ic  
molecules )  and s c a t t e r i n g  (by t h e  molecules  and d u s t  p a r t i c l e s ) ;  (2) 
t h e  i n t e n s i t y ,  
i n t e n s i t y ,  Isd, due t o  energy s c a t t e r e d  by t h e  d u s t  p a r t i c l e s .  
t h e  t o t a l  i n t e n s i t y  of s u n l i g h t  a t  t h e  s o l a r  p a n e l  i s  
(1) t h e  i n t e n s i t y ,  11, r e s u l t i n g  from 
due t o  energy s c a t t e r e d  by t h e  i i iolecules;  ( 3 )  t h e  
Thus,  
I s m ,  
4 0 4 2 - S R  7 
s m  + 'sd IT = I1 + I (5) 
t 
2.5.1 INTENSITY, 11, DUE TO ATTENUATION 
Cons ider  t h e  r a y s  o f  l i g h t  from t h e  sun t o  b e  i n c i d e n t  on t h e  s o l a r  p a n e l  
a t  an a r b i t r a r y  a n g l e ,  y ,  re la t ive  t o  t h e  l o c a l  v e r t i c a l ,  as shown i n  
Fig.  1. 
y = 90°, t h e  sun  i s  on t h e  ho r i zon .  The i n t e n s i t y  I f o r  a r b i t r a r y  
y, i s  g iven  by 
When y = O o ,  t h e  sun  i s  d i r e c t l y  ove r  t h e  p a n e l ,  and when 
1' 
where 
and 
- (R siny)2-j 
H 3 - R  L = -R COSY + (H + R) 
4 0 4 2 - S R  8 
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?- 
W 
0 
I 
A d i g i t a l  computer i s  needed t o  evaluate t h e  above i n t e g r a l .  
i n  t h e  s p e c i a l  c a s e s  when y = 0' o r  90°, t h e  i n t e g r a t i o n  may be  performed 
a n a l y t i c a l l y .  
However, 
Thus, when y = O o ,  
H 2 
0 
J L exp[- (- 2 + -)] d5 = exp[- LX R (L 2 R 2  -I- 5)] R dc R 2 R2 0 
R2 
x z, d< = 5;- = 12.48 km, 
0 
and when y = 90°, 
Q) 3 1/2 
w f exp(- f d< = (E) = 256 km, 0 * R2 
2 where L = (H + 2HR)1/2 = 1170 km. 
2.5.2 INTENSITY, Ism, DUE TO SCATTERING BY MOLECULES 
I n  t h e  d e r i v a t i o n  o f  Ism, and a l s o  I 
s u n l i g h t  r e a c h i n g  t h e  s o l a r  p a n e l  has been s c a t t e r e d  on ly  once,  i .e . ,  
m u l t i p l e  s c a t t e r i n g  i s  n o t  t aken  i n t o  accoun t .  
because  of  t h e  l i m i t e d  r e g i o n  o f  s p a c e  i n  which t h e  s c a t t e r e d  l i g h t  i s  
assumed t o  o r i g i n a t e  ( exp la ined  below and i n  F i g .  2), t h e  i n t e n s i t y  o f  
t h e  s c a t t e r e d  s u n l i g h t  a t  t h e  s o l a r  p a n e l  w i l l  r e p r e s e n t  a c o n s e r v a t i v e  
v a l u e .  
it i s  assumed t h a t  t h e  s c a t t e r e d  Sd' 
For  t h i s  r e a s o n ,  and 
4042-SB 10 
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The d e r i v a t i o n  o f  I f o r  a r b i t r a r y  y i s  r a t h e r  d i f f i c u l t .  For t h e  
purpose  o f  t h i s  s t u d y ,  o n l y  t h e  I co r re spond ing  t o  y = Oo w i l l  b e  
d e r i v e d .  P r e l i m i n a r y  c a l c u l a t i o n s  o f  I i n  which i t  i s  assumed t h a t  
t h e  s c a t t e r e d  l i g h t  r e a c h i n g  t h e  s o l a r  pane l  o r i g i n a t e s  i n  a l ong  c y l i n -  
d r i c a l  column whose a x i s  c o i n c i d e s  w i t h  t h e  pane l - sun  d i r e c t i o n  and whose 
c r o s s  s e c t i o n  is t h e  p r o j e c t e d  a r e a  o f  t h e  s o l a r  p a n e l  s u r f a c e ,  show t h a t  
t h e  r a t i o ,  Ism/Il, i s  t h e  same f o r  y = 0’ and y = 90°. 
t h a t  t h e  r a t i o  I 
Hence, t h e  v a l u e  o f  I f o r  an a r b i t r a r y  y can  be  o b t a i n e d  from, 
s m  
s m  
s m ’  
We s h a l l  assume 
remains c o n s t a n t  f o r  a l l  v a l u e s  o f  y(o0 S; y s 90’). sm” 1 
s m  
where (I ) 
Eqs .  6 and 7. I n  o r d e r  t o  r educe  t h e  mathemat ica l  complexity i n  t h e  
d e r i v a t i o n  o f  ( I  ) i t  i s  assumed t h a t  t h e  s c a t t e r e d  (by t h e  a t -  
mospheric molecules )  s u n l i g h t  i n c i d e n t  on t h e  s o l a r  pane l  comes on ly  
from t h a t  p a r t  o f  t h e  atmosphere con ta ined  i n  a cone o f  h a l f - a n g l e  @, 
w i t h  vertex a t  t h e  s o l a r  p a n e l  and c e n t r a l  a x i s  c o i n c i d e n t  w i t h  t h e  
l o c a l  ve r t i ca l .  The shaded area i n  F i g .  2 deno tes  t h i s  c o n i c a l  r eg ion .  
Here, @ 5 45O.  
i s  o b t a i n e d  from Eqs .  6 ,  7 ,  8 and I is/ determined  from 1 y=o 1 
s m  y=O’ 
The i n t e n s i t y  i s  g iven  by 
2 
de 
3 ’ (1 - 71 secg )  (1 + cos 9 ) s i n e  
Q! cose + s(1 - cos@) 
R2 
= - I n 0 e-sH J 
0 (‘sm)y=o 8 o o R  
2 (1 + cos @ ) t a n g  
0 2 x  cose  + s(1 - cos9) 
+ 3 I pn 5 e-sH J d e  ’ a o O R  
R2 
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where 
The s m a l l e r  t h e  v a l u e  o f  B ,  t h e  more a c c u r a t e  i s  Eq.  11. The v a l u e  of 
B should  n o t  exceed 45O. 
2.5.3 INTENSITY, Isd, DUE TO SCATTERING BY DUST PARTICLES 
The d e r i v a t i o n  of  I f o r  a r b i t r a r y  y i s  a l s o  r a t h e r  d i f f i c u l t ,  and s o ,  
f o r  t h e  pu rpose  o f  t h i s  s t u d y ,  o n l y  t h e  I cor re spond ing  t o  y = 0 w i l l  
be  de r ived .  P r e l i m i n a r y  c a l c u l a t i o n s  o f  1 i n  which i t  is assumed 
t h a t  t h e  s c a t t e r e d  l i g h t  r e a c h i n g  t h e  s o l a r  p a n e l  o r i g i n a t e s  i n  t h e  same 
c y l i n d r i c a l  column a s  p r e v i o u s l y  d e s c r i b e d  €o r  I show t h a t  t h e  r a t i o  
I 
r a t i o  i s  c o n s t a n t  for a l l  v a l u e s  o f  y(Oo 5 y I 90’)’ s o  t h a t  t h e  v a l u e  
of Isd f o r  a n  a r b i t r a r y  y can t h e r e f o r e  be ob ta ined  from 
s d  
0 
s d  
sd’  
sm’ 
/I s d  1 i s  t h e  same f o r  y = Oo and y = 90’. W e  s h a l l  assume t h a t  t h i s  
I n  o r d e r  t o  r educe  t h e  mathemat ica l  complexi ty  i n  t h e  d e r i v a t i o n  o f  
(Isd)yz()’  i t  i s  assumed t h a t  t h e  s c a t t e r e d  (by t h e  d u s t  p a r t i c l e s  sus- 
pended i n  t h e  atmosphere) s u n l i g h t  i n c i d e n t  on t h e  s o l a r  p a n e l  comes 
on ly  from t h e  c o n i c a l  r e g i o n  shown i n  F i g .  2 .  The i n t e n s i t y  i s  g iven  
by 
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. p l ( e >  + i 2 ( e )  s i n 0  d e  1 
where 
$- bi s i n e  
to dPil (cos@) 
i=l 
and 
1 Here, P .  (cos6) are  t h e  Assoc ia t ed  Legendre Func t ions ,  and a b 
1 i’ i 
are  g iven  i n  s u b s e c t i o n  2.4 .  The d imens ion le s s  q u a n t i t i e s  i ( e ) ,  
i (0)  are  c a l l e d  t h e  i n t e n s i t y  f u n c t i o n s ,  o r  a n g u l a r  d i s t r i b u t i o n  
f u n c t i o n s ,  of  t h e  s c a t t e r e d  r a d i a t i o n .  Again,  t h e  a n g l e  fl should  n o t  
exceed 45 . O f  c o u r s e ,  t h e  same v a l u e  of B should  be used i n  e q u a t i o n s  
11 and 13. 
1 
2 
0 
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I t  shou ld  be  noted  t h a t  a s i n g u l a r i t y  does n o t  e x i s t  i n  t h e  f i r s t  
i n t e g r a l  o f  e q u a t i o n  13. Thus, when 8 = 0, 
(2 RH f H’,] 
= s ( l  tg) H H . s(1 - cos81 case 1 - case 
2.6 EFFECTIVE LIGHT INTENSITY AT THE SOLAR PANEL 
The power gene ra t ed  by a s o l a r  pane l  due t o  a p a r t i c u l a r  r a y  of l i g h t  
i n c i d e n t  on t h e  pane l  i s  p r o p o r t i o n a l  t o  t h e  i n t e n s i t y  of t h i s  r a y  
( a t  t h e  p a n e l )  m u l t i p l i e d  by t h e  c o s i n e  of t h e  a n g l e  between t h e  normal 
t o  t h e  pane l  and t h e  d i r e c t i o n  of  t h e  r a y .  S i n c e  t h e  s c a t t e r e d  l i g h t  
r e a c h i n g  t h e  pane l  a r r i v e s  from s e v e r a l  d i r e c t i o n s  i n  space (angu la r  
v a r i a t i o n  = 2 @ ) ,  n o t  a l l  o f  t h i s  in tens i ty , ,  IT, g iven  by e q u a t i o n  5 
w i l l  be  e q u a l l y  e f f e c t i v e  i n  g e n e r a t i n g  power. S i n c e  t h e  r a y s  o f  
l i g h t  c o n t r i b u t i n g  t o  t h e  n o n s c a t t e r e d  i n t e n s i t y ,  11, come d i r e c t l y  
from t h e  sun,  t h i s  i n t e n s i t y  shou ld  b e  m u l t i p l i e d  by cosx,  where 
x = a n g l e  between t h e  normal t o  t h e  pane l  and t h e  pane l -sun  d i r e c t i o n .  
A l s o ,  each of t h e  s e v e r a l  r a y s  of l i g h t  c o n t r i b u t i n g  t o  t h e  s c a t t e r e d  
i n t e n s i t y ,  Ism t Isd, shou ld  be  m u l t i p l i e d  by t h e  a p p r o p r i a t e  q u a n t i t y .  
Th i s  l a t t e r  t a s k  i s  ve ry  compl ica ted  ma themat i ca l ly .  S i n c e  t h e  r a y s  
of l i g h t  having  t h e  h i g h e s t  i n t e n s i t y  are  g e n e r a l l y  
d i r e c t l y  from t h e  sun,  l i t t l e  accu racy  w i l l  be  l o s t  
by c o s x  i n  o r d e r  t o  o b t a i n  t h e  t o t a l  i n t e n s i t y ,  
of t h e  s o l a r  p a n e l .  
I T ’  
t h o s e  coming 
i f  w e  m u l t i p l y  
t h e  power o u t p u t  
The q u a n t i t y ,  cosx,  i s  o b t a i n e d  from t h e  computer program d e s c r i b e d  
on pages 56 - 68 of EOS Repor t  7254-Fina1, “ P l a n e t a r y  S o l a r  A r r a y  
Development ,” da ted  28 February  1969. 
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M u l t i p l y i n g  I sm + Isd by c o s x  ( a s  recommended above) w i l l  g i v e  a 
s l i g h t l y  h i g h e r  i n t e n s i t y  than  t h e  product  of  t h e  s c a t t e r e d  i n t e n s i t y  
c o n s t i t u e n t s  and t h e i r  a s s o c i a t e d  c o s i n e s .  Some of t h i s  a d d i t i o n a l  
i n t e n s i t y  w i l l  be  s u p p l i e d ,  r e a l i s t i c a l l y ,  by t h e  i n t e n s i t y  r e s u l t i n g  
from m u l t i p l e  s c a t t e r i n g  and from t h e  i n t e n s i t y  due t o  s c a t t e r e d  l i g h t  
o r i g i n a t i n g  o u t s i d e  of t h e  c o n i c a l  r e g i o n  de f ined  i n  F i g .  2 .  
2.7 ATTENUATION OF SUNLIGHT BY DUST LAYER ON SOLAR PANEL SURFACE 
In  a d d i t i o n  t o  be ing  a t t e n u a t e d  by a b s o r p t i o n  and s c a t t e r i n g  i n  t h e  
Mar t i an  atmosphere,  t h e  i n c i d e n t  s u n l i g h t  w i l l  . a l s o  be  a t t e n u a t e d  by 
t h e  l a y e r  of  d u s t  which i s  expec ted  t o  c o l l e c t  on t h e  s o l a r  pane l  
s u r f a c e .  Evidence ob ta ined  from c lose -up  photographs of Mars s u g g e s t s  
t h e  e x i s t e n c e  of  d u s t  s torms  i n  t h e  Mar t i an  atmosphere.  A f t e r  a d u s t  
s torm has  passed over  a n  area, i t  i s  r e a s o n a b l e  t o  expec t  t h a t  t h e  
d u s t  p a r t i c l e s  suspended i n  t h e  atmosphere w i l l  f a l l  t o  t h e  s u r f a c e ,  
thereby  forming a l a y e r  of d u s t  on t h e  s o l a r  pane l .  Of cour se ,  a 
minimal d u s t  l a y e r  w i l l  p robably  e x i s t  on t h e  s o l a r  pane l  s u r f a c e  
w h i l e  t h e  wind i s  blowing, b u t  t h e  t h i c k n e s s  of  t h i s  l a y e r  w i l l  depend 
l a r g e l y  on t h e  e l e c t r o s t a t i c  f o r c e s  betwee t h e  d u s t  p a r t i c l e s  and t h e  
pane l  s u r f a c e ,  and t h i s  phenomenon is too  complex t o  be  ana lyzed  i n  
t h i s  r e p o r t .  
For s i m p l i c i t y ,  w e  assume t h a t  t he  d u s t  p a r t i c l e s  are s p h e r i c a l l y  
shaped.  According t o  t h e  Stokes-Cunningham equa t ion  (Ref.  4 ,  pp. 
592, 593) ,  a s m a l l  s p h e r i c a l  p a r t i c l e  f a l l i n g  under g r a v i t a t i o n  through 
a n  atmosphere w i l l  r each  a c o n s t a n t  t e rmina l  v e l o c i t y ,  v ,  g iven  by 
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where p = d e n s i t y  of  p a r t i c l e ,  g = g r a v i t a t i o n a l  a c c e l e r a t i o n ,  
a = r a d i u s  o f  p a r t i c l e ,  1 
atmosphere,  B = 0.004632, and po, p 
r e s p e c t i v e l y ,  o f  t h e  Mar t i an  atmosphere a t  t h e  s u r f a c e  of Mars. I n  
e q u a t i o n  15 ,  a i s  expressed  i n  c e n t i m e t e r s  and p i s  g iven  i n  m i l l i -  
meters of  mercury.  Here, 
= c o e f f i c i e n t  of v i s c o s i t y  of Mar t i an  
are  t h e  d e n s i t y  and p r e s s u r e ,  
0 
0 
= 13.5  mm Hg. 
P O  
The t h i c k e s t  d u s t  l a y e r  w i l l  form on t h e  s o l a r  pane l  i f  i t  i s  l y i n g  
f l a t  on t h e  Mar t i an  s u r f a c e ,  i . e . ,  i f  t h e  normal t o  t h e  pane l  l ies  
a l o n g  t h e  l o c a l  v e r t i c a l .  I f  n deno tes  t h e  number d e n s i t y  o f  d u s t  
p a r t i c l e s  i n  the  Mar t ian  atmosphere,  t hen  t h e  number of  d u s t  p a r t i c l e s  
which w i l l  f a l l  on u n i t  area of t h e  s o l a r  pane l  i n  u n i t  t i m e ,  i . e . ,  
t h e  d e p o s i t i o n  o r  s e t t l i n g  ra te ,  u, i s  
where v i s  g iven  by equa t ion  15.  I f  A denotes  t h e  area of  t h e  s o l a r  
pane l  s u r f a c e ,  then  t h e  number of d u s t  par t ic les  which are  r e q u i r e d  
t o  completely cover  t h e  s u r f a c e  and thereby  form a s i n g l e  l a y e r  on 
t h e  s o l a r  pane l  i s  approximate ly  A / n a  . T f  A t  denotes  t h e  t i m e  taken 2 
2 f o r  a s i n g l e  l a y e r  t o  form on t h e  s u r f a c e ,  then  A/IT a = IJ A A t ,  o r  
1 
n a  u 
A t  = - 2 '  
W e  assume t h a t  t h e  d u s t  l a y e r  t h i c k n e s s  i n c r e a s e s  con t inuous ly  and 
uni formly  w i t h  t i m e .  L e t  h denote  t h e  t h i c k n e s s  of t h e  l a y e r  and le t  
t deno te  t i m e .  Then, s i -nce t h e  t h i c k n e s s  o f  a s i n g l e  l a y e r  equa l s  2a ,  
t h e  g e n e r a l  t h i c k n e s s  will be h = (2a /At ) t  , o r  
3 h = 2 n a  u t  , 
where t > A t  and u i s  g iven  by e q u a t i o n  16. 
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Values m u s t  be a s s i g n e d  t o  p, g ,  and b e f o r e  h can  be  computed. 
According t o  R e f .  5,  t h e  d e n s i t y  of t h e  t o p  few c e n t i m e t e r s  of t h e  
Mar t i an  s u r f a c e  i s  e s t i m a t e d  t o  l i e  between 0 .6  and 2.9 gm/cm . W e  
s h a l l  assume t h a t  t h e  d e n s i t y ,  p, of  a d u s t  p a r t i c l e  i n  t h e  Mar t i an  
atmosphere i s  p = 2 .0  gm/cm . The g r a v i t a t i o n a l  a c c e l e r a t i o n  a t  t h e  
2 s u r f a c e  of  Mars i s  g = 382 cm/sec . An approximate  v a l u e  of can be  
de te rmined  from i n f o r m a t i o n  c o n t a i n e d  i n  c h a p t e r  4 of  Ref.  6 .  We 
assume t h a t  t h e  Mar t i an  atmosphere i s  100% carbon d i o x i d e  and t h a t  
t h e  t empera tu re  of t h e  atmosphere n e a r  t h e  Mar t i an  s u r f a c e  i s  220 K 
(Ref. 1). The r e s u l t i n g  c o e f f i c i e n t  o f  v i s c o s i t y  i s ,  from Ref .  6 ,  
3 
3 
0 
-1 -1 7 = 1.11 x gm c m  sec . 
Combining e q u a t i o n s  15, 1 6 ,  and 1 7  and employing t h e  above v a l u e s  of 
p, g,  and 11, w e  o b t a i n  
5 
> a  n t ,  
7 0.343 x 
a h = 0.96 x 10 (1 + 
-3 where t S T, [a]  = cm, [n] c m  , [ t ]  = sec, [h ]  = c m ,  and T deno tes  
t h e  l e n g t h  o f  t i m e  between d u s t  s to rms .  For g iven  va lues  of a and n ,  
t h e  maximum h occur s  when t = T. ( I t  i s  assumed t h a t ,  w h i l e  t h e  wind 
i s  blowing, no d u s t  e x i s t s  on t h e  s o l a r  p a n e l ,  b u t  as soon as t h e  
wind s t o p s ,  d u s t  beg ins  t o  f a l l  on t h e  pane l  s u r f a c e  and c o n t i n u e s  t o  
do so  u n t i l  t h e  n e x t  s to rm a t  which t ime a l l  t h e  d u s t  is  bluwn o f f  
t h e  p a n e l . )  S ince  thee minimum v a l u e s  of  a and n cons ide red  i n  our 
problem are  5 x 10 c m  and 1 cm , r e s p e c t i v e l y ,  t h e  minimum h ,  a s  a 
f u n c t i o n  of t i m e ,  i s  
-5 -3 
-14 
= 2 . 3 6  x 10 h J min 
and s i n c e  t h e  maximum va lues  of a and n cons ide red  i n  our  problem a r e  
5 x em and 10 c m  , r e s p e c t i v e l y ,  t h e  maximum h ,  as a f u n c t i o n  2 -3 
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o f  t i m e ,  i s  
= 3.2 t .  
max 
h 
Note t h a t  f o r  t h e  minimum v a l u e s  o f  a and n ,  i t  would t a k e  approx i -  
mate ly  10 y e a r s  t o  accumula te  a 1 mm t h i c k  d u s t  l a y e r ,  whereas ,  f o r  
t h e  maximum v a l u e s  of a and n ,  t h i s  same t h i c k n e s s  would be  gene ra t ed  
i n  on ly  31.2 seconds.  
5 
S u n l i g h t  i n c i d e n t  on t h e  s o l a r  pane l  w i l l  be  r e f l e c t e d ,  abso rbed ,  and 
t r a n s m i t t e d  by t h e  d u s t  l a y e r  on t h e  pane l  s u r f a c e .  I f  we l e t  5 deno te  
t h e  a b s o r p t i o n  c o e f f i c i e n t  of t h e  d u s t  l a y e r  and l e t  v deno te  i t s  
r e f l e c t i v i t y ,  then t h e  t r a n s m i t t e d  i n t e n s i t y ,  12, which u l t i m a t e l y  
de t e rmines  t h e  o u t p u t  power of  t h e  s o l a r  pane l  i s  g iven  by 
-5 (h secx )  I2 = IT c o s x  (1 - v) e Y 
where I i s  g iven  by e q u a t i o n  5,  h i s  g iven  by e q u a t i o n  18, and x 
i s  d i s c u s s e d  i n  s u b s e c t i o n  2 . 6 .  The r e f l e c t i v i t y ,  V, of  t h e  d u s t  
l a y e r  w i l l  n o t  be  c o n s t a n t  b u t  w i l l  depend on t h e  l a y e r  t h i c k n e s s ,  h .  
A r e a l i s t i c  f u n c t i o n a l  dependency i s  
T 
V 
-kh 
- e  1 ,  
where v = r e f l e c t i v i t y  of  d u s t  l a y e r  f o r  l a r g e  v a l u e s  of h .  W e  
assume t h a t  when h = 4 a  (a = r a d i u s  of d u s t  p a r t i c l e ) ,  t hen  v/v0 = 0 .99 .  
Hence, k = 1 . 1 5 / a  x l / a , . s o  t h a t  
0 
where h i s  g iven  by e q u a t i o n  18. 
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Values must be  a s s i g n e d  t o  t h e  parameters  5 and v . An approximate  
r ange  of v a l u e s  f o r  5 i s  1 cm-' 5 5 5 100 cm-l. 
A s  r e l i a b l e  estimates o f  5 and v (and k )  a re  o b t a i n e d  from t h e  
Mariner  m i s s i o n s ,  they can  b e  s u b s t i t u t e d  i n  e q u a t i o n s  1 9  and 20 and 
a co r re spond ing ly  r e a l i s t i c  v a l u e  of I can t h e n  be  de te rmined .  
0 
A l s o ,  0 5 v S 1. 
0 
0 
2 
I 
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SECTION 3 
DUNE MOVEMENT STUDY 
The e x i s t e n c e  of  sand dunes on t h e  Mar t i an  s u r f a c e  can  be dangerous t o  
a n  unmanned Mar t i an  m i s s i o n  i n  two ways: (1) t h e  s p a c e c r a f t  may land  
on t h e  s i d e  of a dune and t h e n  s i n k  i n  t h e  sand and /o r  t o p p l e  ove r ;  (2) 
t h e  s p a c e c r a f t  may land  n e a r  a sand dune and e v e n t u a l l y  b e  covered by 
t h e  dune as t h e  dune i s  s lowly  "pushed" a long  t h e  ground by a s t e a d y  
M a r t i a n  wind. N e i t h e r  of  t h e s e  mishaps can  b e  prevented  i n  t h e  case 
of  a n  unmanned l a n d i n g ,  u n l e s s  t h e  s p a c e c r a f t  l ands  on a p a r t  of Mars 
which i s  f r e e  of  s t r o n g  winds and d u s t  s to rms ,  and hence ,  f r e e  of  sand 
dunes .  According t o  Ref .  5,  most of t h e  d u s t  s torms  on Mars occur  i n  
t h e  Oo 335' l a t i t u d e  b e l t .  
I f  t h e  h e i g h t  of  t h e  sand dunes i s  small  compared w i t h  t h e  v e r t i c a l  d i -  
mension of  t h e  l a n d i n g  s p a c e c r a f t ,  t h e n  e i t h e r  of t h e  above two mishaps 
w i l l  b e  less  l i k e l y  t o  occur .  It is  d e s i r a b l e ,  t h e r e f o r e ,  t o  know t h e  
h e i g h t  o f  sand dunes on t h e  Mar t ian  s u r f a c e .  According t o  Ref .  7 ,  i t  
i s  n o t  p o s s i b l e  t o  d i v o r c e  t h e  h e i g h t  of a sand dune from t h e  r a t e  a t  
which t h e  sand i s  t r a n s p o r t e d  a c r o s s  t h e  dune,  s i n c e  t h e  dune would n o t  
e x i s t  w i t h o u t  t h e  s u r f a c e  winds which create  i t  by moving sand p a r t i c l e s  
over  t h e  Mar t i an  s u r f a c e .  Hence, i n  o r d e r  t o  p r e d i c t  t h e  dune h e i g h t ,  
one must a l s o  make some assumptions r e g a r d i n g  t h e  r a t e  of  sand movement. 
The motion of  sand from one s i d e  of t h e  dune t o  t h e  o t h e r  s i d e  h a s  t h e  
n e t  e f f e c t  o f  d i s p l a c i n g  t h e  sand dune (very s lowly)  a l o n g  t h e  ground 
i n  t h e  d i r e c t i o n  o f  t h e  wind. According t o  R e f .  7 ,  t h e  speed ,  c ,  a t  
which t h e  sand dune moves a l o n g  t h e  ground,  and t h e  r a t e ,  q ,  a t  which 
sand i s  carr ied over  t h e  dune a l o n g  a p a t h  of  u n i t  w id th ,  a r e  r e l a t e d  
t o  t h e  sand dune h e i g h t ,  H ,  by 
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where y = b u l k  d e n s i t y  o f  t h e  sand dune.  
d i s t a n c e ) .  A l s o  a c c o r d i n g  t o  R e f .  7 ,  t h e  q u a n t i t y  q i s  g iven  by 
Here, [ q ]  = mass / ( t ime x 
Here, C = d imens ion le s s  c o n s t a n t  which depends on t h e  type  of s and ,  z 
= h e i g h t  above ground t h a t  t h e  wind v e l o c i t y ,  v ,  i s  measured, k' = 
h e i g h t  of  r i p p l e s  of  sand on ground,  d = d iame te r  of sand p a r t i c l e s ,  D 
= d iame te r  of t y p i c a l  ( e a r t h )  sand p a r t i c l e  = 0.25  mm, po = d e n s i t y  of 
Mar t i an  atmosphere n e a r  t h e  s u r f a c e ,  g - g r a v i t a t i o n a l  a c c e l e r a t i o n  a t  
Mars' s u r f a c e ,  v = v e l o c i t y  of wind a t  a h e i g h t  z ,  Vt = t h r e s h o l d  ve-  
l o c i t y ,  i . e . ,  t h e  v e l o c i t y  of  wind a t  h e i g h t  k '  a t  which sand p a r t i c l e s  
on t h e  ground f i r s t  b e g i n  t o  move. By combining E q s .  1 and 2 and as- 
s i g n i n g  v a l u e s  t o  y, C ,  z ,  k '  d ,  p,, g ,  and V w e  w i l l  o b t a i n  H as a 
f u n c t i o n  of c and v.  T r e a t i n g  c as a pa rame te r ,  w e  can  t h e r e f o r e  o b t a i n  
graphs  o f  H v e r s u s  v, f o r  s e l ec t ed  v a l u e s  o r  c.  
t y  
According t o  Ref .  5 ,  t h e  d e n s i t y  of t h e  top  few c e n t i m e t e r s  of  t h e  
3 M a r t i a n  s u r f a c e  b r a c k e t s  t h e  v a l u e  2 . 0  gm/cm , which w e  take f o r  y. 
From Ref .  7 ,  C = 1 .8 .  Reasonable  v a l u e s  t o  assume f o r  t h e  Mar t i an  s u r -  
= 14.65  f a c e  are: z = 1 meter ,  k '  = 10 meters, d = D .  A l s o ,  po 
x gm/cm , g = 382 cm/sec . Approximate v a l u e s  of  V as a f u n c t i o n  
o f  t h e  p a r t i c l e  r a d i u s ,  d / 2 ,  are  g iven  i n  t h e  graph  on page 6 o f  Ref .  8 ,  
f o r  two s u r f a c e  p r e s s u r e s  of t h e  Mar t i an  atmosphere.  We c o n s i d e r  a 
7 - m i l l i b a r  a i r  p r e s s u r e  (p  = 7.0 x 10 dynes/cm ) n e a r  t h e  s u r f a c e  of 
Mars. Then, f o r  d /2  = 0.25 mm/2 = 125 microns and p = 7 mb, t h e  graph  
g i v e s  V x 3 . 6  x 10 cm/sec. Combining Eqs .  1 and 2 and s u b s t i t u t i n g  
t h e  above v a l u e s  f i n a l l y  g i v e s  
-2 
3 2 
t 
3 2 
0 
2 
t 
4042-SR 22 
I 
2 .275  x lo-'' (v-360) 3 , H =  
C (3 )  
where [c] = cm/sec, [VI = cmjsec,  [HI = c m ,  and v 2 360 cm/sec. F igu re  3 
shows a graph of H v e r s u s  v f o r  t h e  f i v e  v a l u e s ,  c = 0.1, 0 .5 ,  1.0,  5.0,  
and 10 cm/sec. 
It i s  i n t e r e s t i n g  t o  n o t e  t h a t ,  acco rd ing  t o  Ref .  7 ,  sand dunes on t h e  
e a r t h  may r e a c h  a h e i g h t  of 30 meters and move a l o n g  t h e  ground a t  
speeds  r a n g i n g  from 0 .1  t o  0.2 cm/hr. 
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F i g u r e  3 .  Sand Dune H e i g h t  v e r s u s  Wind V e l o c i t y  
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SECTION 4 
COMPUTER CELL MODEL PROGRAM ADDITIONS AND CHANGES 
Tasks I and I1 of  t h e  p r e s e n t  c o n t r a c t  were e s s e n t i a l l y  concerned w i t h  
modifying t h e  s o l a r  c e l l  model used.  That  i s ,  i t  was d e s i r e d  t o  i n c o r -  
p o r a t e  a r b i t r a r y  s o l a r  c e l l  c h a r a c t e r i s t i c  I - V  c u r v e s ,  t empera ture  co- 
e f f i c i e n t s ,  and ce l l  r e s i s t a n c e s .  The method of e x p r e s s i n g  c e l l  cha r -  
acter is t ics  i n  c l o s e d  e q u a t i o n  form was abandoned, and po in t -by -po in t  
d e s c r i p t o r s  were s u b s t i t u t e d .  
4.1 SOLAR CELL MODEL 
The p r e v i o u s l y  developed computer program used a n  e q u a t i o n  of  t h e  form 
I = u - @eyv (where I = c u r r e n t ,  V = v o l t a g e )  
as a model f o r  t h e  s o l a r  c e l l  I - V  c u r v e .  The c o n s t a n t s  a', p ,  and y 
were manual ly  computed f o r  a g iyen  c e l l ,  t empera tu re ,  and s o l a r  i n t e n -  
s i t y .  A t  a d i f f e r e n t  t empera tu re  t h e  o r i g i n  of  c o o r d i n a t e s  was assumed 
t o  undergo a t r a n s l a t i o n  p r o p o r t i o n a l  t o  t h e  t empera tu re  change ,  AT. 
The t r a n s l a t i o n  e q u a t i o n s  were of t h e  form 
A I  = - Tc (AT)  ; 
AV = T (AT) -I- (AI). Rs , 
V 
where T t h e  s h o r t - c i r c u i t  t empera tu re  c o e f f i c i e n t ,  and T t h e  open- 
C Y  V' 
c i r c u i t  v o l t a g e  c o e f f i c i e n t ,  were each  expressed  as p iecewise  l i n e a r  
f u n c t i o n s  of s o l a r  i n t e n s i t y .  The c e l l  r e s i s t a n c e  i s  R . 
S 
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Thus ,  f o r  a n  a r b i t r a r y  t empera tu re ,  t h e  c u r r e n t  w a s  
I 
whi le  t h e  power became 
Using t h e  Newton-Raphson method, the maximum power p o i n t  could  b e  e a s i l y  
c a l c u l a t e d  from t h e  above power e q u a t i o n .  
F i n a l l y ,  f o r  s o l a r  i n t e n s i t i e s  d i f f e r i n g  from t h e  i n i t i a l l y  s p e c i f i e d  
i n t e n s i t y ,  t h e  s o l a r  c e l l  power w a s  assumed t o  be a l i n e a r  f u n c t i o n  of 
i n t e n s i t y .  
The p r e s e n t  computer program does no t  u se  any s p e c i f i c  e q u a t i o n  t o  r ep -  
r e s e n t  t h e  i n i t i a l  I - V  cu rve .  I n s t e a d ,  t h e  cu rve  i s  d e f i n e d  by r e a d i n g  
i n t o  t h e  computer up t o  200 I - V  p o i n t s .  L inear  i n t e r p o l a t i o n s  and ex- 
t r a p o l a t i o n s  a re  t h e n  used t o  e v a l u a t e  t h e  cu rve  a t  u n s p e c i f i e d  p o i n t s .  
The l i n e a r  s h i f t  of t h e  cu rve  w i t h  change i n  t empera tu re ,  which was as- 
sumed i n  t h e  p rev ious  program, i s  s t i l l  i n c o r p o r a t e d  i n  t h e  p r e s e n t  
v e r s i o n .  However t h e  c a l c u l a t i o n  of T and T i s  now performed by in -  
p u t t i n g  up t o  25  v a l u e s  of each q u a n t i t y  and then  l i n e a r l y  i n t e r p o l a t i n g .  
C V 
Up t o  t h i s  p o i n t  t h e  on ly  d i f f e r e n c e s  between t h e  p rev ious  program and 
t h e  p r e s e n t  program were implementa t iona l  ( i . e . ,  i n s t e a d  of a n  e q u a t i o n  
f o r  the I - V  c u r v e ,  d a t a  p o i n t s  were r ead  i n ,  e tc . ) .  
p r o c e d u r a l  d i f f e r e n c e :  I n s t e a d  of l i n e a r l y  s c a l i n g  t h e  maximum power 
of  a c e l l  (wi th  s o l a r  i n t e n s i t y ) ,  t h e  v e r t i c a l  a x i s  of t h e  I - V  cu rve  
i s  l i n e a r l y  s h i f t e d  p r o p o r t i o n a l  t o  i n t e n s i t y .  (Thus t h e  s h o r t - c i r c u i t  
c u r r e n t  i s  assumed t o  va ry  l i n e a r l y  w i t h  i n t e n s i t y . )  With t h e  i n p u t  
Now, t h e  f i r s t  
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d a t a  p o i n t s  s h i f t e d ,  t h e  maximum power p o i n t  i s  c a l c u l a t e d  by means of 
a b i n a r y  search f o r  t h e  maximum of t h e  e x p r e s s i o n  P = IVY where P i s  
t h e  power o u t p u t  o f  t h e  c e l l .  
F i n a l l y ,  the o p e n - c i r c u i t  v o l t a g e  i s  computed from the i n t e r s e c t i o n  of 
the a b s c i s s a  w i t h  t h e  i n p u t  d a t a  p o i n t s .  T h i s  p rocedure  r e s u l t s  i n  a 
s o l a r  c e l l  model whose s h o r t - c i r c u i t  c u r r e n t  i s  p r o p o r t i o n a l  t o  l i g h t  
i n t e n s i t y ,  a t  c o n s t a n t  t empera tu re ,  and whose o p e n - c i r c u i t  v o l t a g e  
changes l o g a r i t h m i c a l l y  w i t h  i n t e n s i t y ,  provided a c u r v e  i s  s p e c i f i e d  
having t h e  normal e x p o n e n t i a l  s o l a r  c e l l  I - V  c u r v e .  Temperature changes 
c a u s e  t h e  o r i g i n  o f  c o o r d i n a t e s  t o  undergo a n  e f f e c t i v e  t r a n s l a t i o n  
a l o n g  a c u r v e  whose s l o p e  depends upon the t e m p e r a t u r e  c o e f f i c i e n t s  
used.  The t empera tu re  c o e f f i c i e n t s  may be  a r b i t r a r y  f u n c t i o n s  o f  s o l a r  
i n t e n s i t y .  A l l  d a t a  p o i n t s  f o r  t h e  s o l a r  c e l l  room t empera tu re  c u r v e  
and t h e  t empera tu re  c o e f f i c i e n t s  may be  spaced nonuniformly f o r  i n p u t .  
4.2 INPUT/OUTPUT LISTS 
S e v e r a l  d a t a  c a r d s  a re  r ead  by the  program. The f o l l o w i n g  s u b s e c t i o n s  
d e s c r i b e  t h e i r  o r d e r ,  c o n t e n t s ,  and fo rma t .  
4.2.1 INPUT CARDS 
The f i r s t  i n p u t  c a r d  s p e c i f i e s  t h e  c e l l  r e s i s t a n c e ,  R . It may b e  
punched anywhere i n  t h e  f i r s t  t e n  columns, w i t h  a dec ima l  p o i n t .  
S 
The second c a r d  c o n t a i n s  t h e  f i r s t  v a l u e  o f  t h e  s h o r t - c i r c u i t  tempera- 
t u r e  c o e f f i c i e n t ,  Tc,  and t h e  v a l u e  o f  t h e  s o l a r  i n t e n s i t y  a s s o c i a t e d  
w i t h  i t .  The u n i t s  are  mi l l i amps  C and m i l l i w a t t s  c m  . The n e x t  
c a r d  c o n t a i n s  t h e  second v a l u e ,  e t c .  Up t o  2 5  p o i n t s  may be  t h u s  spe -  
c i f i e d .  The v a l u e s  o f  T and b r i g h t n e s s  are r e a d  from anywhere i n  
columns 1 t o  10 and 11 t o  20 ,  r e s p e c t i v e l y .  The f i n a l  c a r d  o f  t h i s  s e t  
must have a 7 punched i n  column 80 as a d e l i m i t e r  f o r  t h i s  d a t a  s e t .  
0 -1 - 2  
C 
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The nex t  s e t  of  c a r d s  d e f i n e s  v a l u e s  of t h e  o p e n - c i r c u i t  v o l t a g e  
tempera ture  c o e f f i c i e n t ,  
a r e  m i l l i v o l t s  O C - l  and m i l l i w a t t s  c m  
t o  t h a t  of Tc, i n c l u d i n g  t h e  7 punched i n  column 80 of  t h e  las t  c a r d  
of  t h e  s e t .  
as a f u n c t i o n  of  s o l a r  i n t e n s i t y .  Un i t s  
- 2  , . The i n p u t  format  i s  i d e n t i c a l  
F i n a l l y ,  t h e  s e t  of  p o i n t s  (up t o  200) d e f i n i n g  t h e  I-V curve  i s  read. 
The c u r r e n t  ( i n  mA) i s  punched anywhere i n  columns 1 through 10,  w h i l e  
t h e  co r re spond ing  v o l t a g e  ( i n  v o l t s )  i s  punched anywhere i n  columns 11 
through 20. Again,  t h e  f i n a l  c a r d  of  t h e  s e t  m u s t  c o n t a i n  a 7 punched 
i n  column 80. 
I n  a d d i t i o n  t o  t h e  p r e v i o u s l y  mentioned i n p u t s ,  t h r e e  a d d i t i o n a l  c a r d s  
are r e q u i r e d  f o r  each r u n  and must be  r ead  i n  o r d e r :  
Card 1 - T i t l e  C a r d  
Column 1 - Must c o n t a i n  a 1, which i d e n t i f i e s  i t  as t h e  t i t l e  c a r d .  
Columns 2 t o  71  - Can b e  f i l l e d  w i t h  any alphanumeric  c h a r a c t e r s  t o  
i d e n t i f y  t h e  r u n .  
Columns 72  t o  80 - Not used 
Card 2 - I n p u t  Data  
Column 1 - Must c o n t a i n  a 2 ,  which i d e n t i f i e s  i t  as t h e  d a t a  c a r d .  
Columns 5 t o  12  - Conta ins  d a t e  t h e  r u n  i s  t o  s t a r t .  The format  i s  
Mo/Da/Yr. ( e a r t h  t i m e )  
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Columns 15 t o  22 - Conta ins  d a t e  r u n  i s  t o  be  t e r m i n a t e d .  Same format  
as above. 
Columns 25 t o  32 - Conta ins  d a t e  payload landed on s u r f a c e  o f  Mars. 
Same format  as above. 
Column 34 - Not used.  
Column 35 - Cloud model f l a g .  P r e s e n t l y  no t  implemented. 
Column 37 - Dust s to rm f l a g :  1, i f  s to rm i s  i n  p r o g r e s s ;  0 ,  i f  no 
s to rm i s  i n  p r o g r e s s .  
NOTE: When "no storm" i s  s p e c i f i e d ,  t h e  program assumes t h a t  a s t o r m  
has j u s t  ended and d u s t  p a r t i c l e s  are  j u s t  s t a r t i n g  t o  f a l l  on t h e  
pane 1. 
Column 39 - R a d i a t i o n  model f l a g .  I f  1, u s e  no a t t e n u a t i o n  model. I f  
2 ,  u se  w o r s t - c a s e  a t t e n u a t i o n  model ( 2 l % / y e a r ) .  
Columns 40 t o  44 - L a t i t u d e  o f  s o l a r  p a n e l .  Zero i s  a t  t h e  e q u a t o r ;  
$90' i s  nor'th p o l e ;  -90 0 i s  s o u t h  p o l e .  
Columns 45 t o  48 - Angle of s o l a r  p a n e l  r e l a t i v e  t o  t h e  ground; 90' is 
a ve r t i ca l  p a n e l .  
Columns 50 t o  54 - T h i s  i s  t h e  azimuth a n g l e  of t h e  p a n e l  d e f i n e d  as 
fo l lows :  Le t  a v e c t o r  normal t o  t h e  pane l  ( p o i n t i n g  o u t )  be  p r o j e c t e d  
on t h e  l o c a l  h o r i z o n t a l  p l a n e .  The d i r e c t i o n  of t h i s  p r o j e c t i o n  mea- 
su red  c lockwise  from n o r t h  i s  t h e  azimuth a n g l e .  Thus,  f o r  a p a n e l  
t i l t e d  s o  as t o  r e c e i v e  t h e  morning sun  a t  any p o i n t  above t h e  e a s t e r n  
h o r i z o n ,  t h e  azimuth a n g l e  would be 90 . 0 
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Columns 56 t o  6 0  - A c t i v e  area of s o l a r  p a n e l  i n  s q u a r e  f e e t .  
Columns 6 1  t o  6 5  - Des i red  power o u t p u t  i n  wa t t s .  For each i n s t a n t a -  
neous power p o i n t ,  t h e  program c a l c u l a t e s  and p r i n t s  t h e  p a n e l  area re-  
q u i r e d  t o  g e n e r a t e  t h i s  power. 
Columns 66 t o  7 0  - Def ines  t h e  h o r i z o n  below which t h e  sun w i l l  no t  be  
a b l e  t o  s h i n e  on t h e  s o l a r  p a n e l .  Can b e  used t o  i n d i c a t e  t h e  blockage 
of s u n l i g h t ,  e . g . ,  by a h i l l  t h a t  r i ses  15 above t h e  h o r i z o n .  0 
Columns 7 2  t o  7 4  - Days p r i n t  i n t e r v a l .  I f  1, p r i n t s  d a i l y  summary 
eve ry  day;  i f  3 ,  p r i n t s  d a i l y  summary eve ry  t h i r d  day ,  e t c .  
Columns 76 t o  7 8  - D a i l y  frequency p r i n t  i n t e r v a l .  S p e c i f i e s  t h e  number 
o f  t i m e s  w i t h i n  any Mars day ( t h a t  a summary i s  p r i n t e d )  t o  p r i n t  t h e  
i n s t a n t a n e o u s  v a l u e  of pa rame te r s .  I f  0 ,  no i n s t a n t a n e o u s  power p o i n t s  
are p r i n t e d  (only t h e  summary i s  p r i n t e d ) .  I f  1, on ly  t h e  maximum 
power p o i n t  i s  p r i n t e d .  I f  2 o r  g r e a t e r ,  t h e  p o i n t s  i n  t i m e  f o r  dawn, 
sun on p a n e l ,  maximum power, sun  o f f  p a n e l ,  and dusk are  p r i n t e d .  I n  
a d d i t i o n ,  t h i s  number i s  d i v i d e d  i n t o  t h e  p e r i o d  of one Mars r e v o l u t i o n  
and,  s t a r t i n g  from midn igh t ,  i n s t a n t a n e o u s  power p o i n t s  are  p r i n t e d  a t  
t h i s  i n t e r v a l .  
Card 3 - I n p u t  Data ( con t inued)  
Column 1 - Must c o n t a i n  a 3 ,  which i d e n t i f i e s  i t  as t h e  l a s t  d a t a  c a r d .  
Columns 2 t o  10 - Value o f  0, t h e  r a t i o  of d u s t  p a r t i c l e  c i r cumfe rence  
t o  l i g h t  wavelength.  It can  r ange  from 2 7  t o  2 0 0 ~ .  
Columns 11 t o  20  - Value of N ,  t h e  index o f  r e f r a c t i o n  of t h e  d u s t  p a r -  
t i c l e .  It c a n  r ange  from 1.4 t o  1 . 8 .  
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Columns 21 t o  30 - Value o f  n ,  t h e  number d e n s i t y  o f  t h e  d u s t  p a r t i c l e s  
i n  t h e  atmosphere.  I t  c a n  range from 1015 t o  km . (E format  w i t h  
t h e  E t o  be punched i n  column 2 7 )  
- 3  
Columns 31 t o  4 0  - Value of a ,  the r a d i u s  o f  the d u s t  p a r t i c l e s .  It  
can  r ange  from 5 x lo-'' t o  5 x lo-* k m .  (E format  w i t h  t h e  E t o  be 
punched i n  column 37)  
Columns 4 1  t o  50 - Value of 6 ,  t h e  a b s o r p t i o n  c o e f f i c i e n t  of t h e  d u s t .  
It c a n  range from lo5  t o  10 km , (E format  w i t h  t h e  E t o  be punched 
i n  column 4 7 )  
7 -1 
Columns 51 t o  60 - Value o f  u, t h e  r e f l e c t i o n  c o e f f i c i e n t  o f  t h e  d u s t  
l a y e r .  It ranges  from 0 t o  1. 
4 . 2 . 2  OUTPUT DATA 
Column 1 - Time o f  M a r t i a n  day i n  hour s  p a s t  midn igh t .  (Mart ian mid- 
n i g h t  = 0.0000.) 
Column 2 - The power o u t p u t  of one 4 c m 2  s o l a r  c e l l  i n  m i l l i w a t t s .  
Column 3 - The power o u t p u t ,  i n  wat ts ,  of a p a n e l  o f  4 crn2 s o l a r  c e l l s  
whose area i s  s p e c i f i e d  i n  f t  as a n  i n p u t  pa rame te r .  2 
2 Column 4 - The p a n e l  area r e q u i r e d ,  i n  f t  , t o  p r o v i d e  a power o u t p u t  
s p e c i f i e d  as a n  i n p u t  pa rame te r .  
Column 5 - The accumulated energy,  i n  wa t t -hour s ,  gene ra t ed  by t h e  p a n e l  
s i n c e  t h e  s t a r t  o f  t h e  computer r u n .  
4042-SR 31 
Column 6 - S o l a r  i n t e n s i t y  a t  t h e  upper atmosphere o f  Mars i n  
m i l l i w a t t s / c m  . 2 
Columns 7 ,  8 ,  9 - S o l a r  i n t e n s i t y  t r a n s m i s s i o n  c o e f f i c i e n t s  f o r  t h e  
Mars atmosphere,  c loud  c o v e r ,  and d u s t  environment,  r e s p e c t i v e l y .  
2 Column 10 - Magnitude o f  s o l a r  i n t e n s i t y ,  i n  mW/cm , a f t e r  p a s s i n g  
through t h e  Mars atmosphere,  c loud c o v e r s ,  and d u s t  environment.  
2 Column 11 - S o l a r  i n t e n s i t y  normal t o  p a n e l  s u r f a c e  i n  mW/cm , 
0 
Column 1 2  - Temperature of s o l a r  p a n e l  i n  C .  
Column 13 - Power o u t p u t ,  i n  mW, o f  4 c m 2  s o l a r  c e l l  b e f o r e  r a d i a t i o n  
d e g r a d a t i o n  i s  a p p l i e d .  
Column 14 - Percen tage  o f  column 13 a c t u a l l y  g e n e r a t e d  due t o  r a d i a t i o n  
d e g r a d a t i o n .  
Column 15 - E l e v a t i o n  of sun  i n  deg rees  as measured from t h e  l o c a l  geo- 
g r a p h i c  v e r t i c a l .  
Column 16 - Azimuth of s u n  i n  d e g r e e s .  That  i s ,  t h e  a n g l e  measured i n  
t h e  l o c a l  geograph ic  h o r i z o n t a l  p l a n e  between the p r o j e c t i o n  of  t h e  
sun-Mars l i n e  i n  t h a t  p l a n e  and Mars North (measured i n  t h e  c lockwise  
d i r e c t i o n ) .  
Column 1 7  - E l e v a t i o n  o f  t h e  sun r e l a t i v e  t o  t h e  s o l a r  p a n e l  s u r f a c e  
v e r t i c a l .  
Line p reced ing  d e t a i l  p r i n t o u t :  
4 04 2 - SR 3 2  
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"Mars day" - The number of Mar t i an  days t h a t  have e l apsed  s i n c e  s t a r t  
o f  computer program. 
"Earth t i m e "  - The number of E a r t h  days t h a t  have e l a p s e d  s i n c e  midnight  
(GMT) of  A p r i l  20 ,  1967 t o  midnight  o f  t h i s  Mars day .  Adding column 1 
t i m e  t o  t h i s  t i m e  g i v e s  E a r t h  GMT of t h a t  p a r t i c u l a r  p o i n t .  
P r i n t e d  a t  t h e  bot tom of t h e  page are  t h e  q u a n t i t i e s :  
(a) S h o r t - c i r c u i t  c u r r e n t  ( i n  mA), 
(b) Maximum power p o i n t  v o l t a g e  ( i n  v o l t s ) ,  and 
(c) Open c i r c u i t  v o l t a g e  ( i n  v o l t s ) ,  
f o r  t h e  t h r e e  p e r i o d s  of t h e  day: 
(a) Near dawn, 
(b) A t  t h e  t i m e  of maximum power, and 
(c) Near dusk.  
The sun  e l e v a t i o n  a n g l e  f o r  t h e  "near  dawn" and "near dusk" p e r i o d s  i s  
a l s o  p r e s e n t e d .  
4.3 PROGRAM LISTING 
The fo l lowing  i s  a l i t e r a l  copy of t h e  cards compr is ing  t h e  computer 
program. Language used i s  F o r t r a n  I V ,  and no c o m p i l a t i o n  o r  o t h e r  m e s -  
s ages  a r e  inc luded .  These d a t a  c a r d s  were used t o  r u n  t h e  s a m p l e  
problem . 
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4.4 TYPICAL PRINTOUT OF SAMPLE PROBLEM 
The d a t a  c a r d s  l i s t e d  i n  4 . 3  were used t o  r u n  a sample problem. The 
a s s o c i a t e d  p r i n t o u t  fo l lows  h e r e .  The f i r s t  page re i te ra tes  t h e  i n p u t  
c o n f i g u r a t i o n  d a t a .  The second page i s  r e p r e s e n t a t i v e  of t h e  ou tpu t  
t o  be  expec ted ,  b u t  does n o t  i n c l u d e  t h e  t o t a l  p r i n t o u t  from t h i s  r u n ;  
on ly  t h e  f i r s t  two pages are shown. 
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SECTION 5 
CONCLUSIONS ANI) RECOMMENDATIONS 
The o v e r a l l  P l a n e t a r y  S o l a r  Array  Development program under t aken  by EOS 
d u r i n g  the p a s t  several y e a r s  h a s  d e f i n e d  t h e  impor t an t  a s p e c t s  of t h e  
Mars hard  and  s o f t  l a n d e r  s o l a r  power problem. The work r e p o r t e d  h e r e  
has  provided  a means f o r  computing t h e  p r o b a b l e  p a n e l  o u t p u t  f o r  a l a r g e  
number o f  c o n f i g u r a t i o n s  o f  t h e  cells  and p a n e l s ,  fo r  v a r i o u s  geometr ies  
and,  most i m p o r t a n t ,  under  t h e  expec ted  envi ronmenta l  c o n d i t i o n s .  
Earlier r e p o r t s  have d e s c r i b e d  des igns  which would s u c c e s s f u l l y  m e e t  many 
d i f f i c u l t  c o n s t r a i n t s  o f  power, we igh t ,  and s t r u c t u r a l  i n t e g r i t y .  I n  ad- 
d i t i o n ,  impor t an t  t e s t  d a t a  w e r e  gene ra t ed ,  showing s o l a r  c e l l  shock re- 
sponse  as a f u n c t i o n  o f  r a d i u s  o f  c u r v a t u r e  and o f  l o a d i n g  up t o  5000 g ' s .  
The e n t i r e  body o f  work c o n t a i n s  many impor t an t  t h e o r e t i c a l  and eng inee r -  
i n g  advances i n  t h e  areas o f  o r b i t a l  dynamics,  l i g h t  s c a t t e r i n g ,  t h e  
phys ic s  o f  blown sand and d u s t ,  s o l a r  c e l l  models,  and computer program- 
ming, as w e l l  as a r a t h e r  complete  s t r u c t u r a l  a n a l y s i s  of t h e  s ta t ics  
and dynamics o f  ha rd  and s o f t  l and ing  and p a n e l  deployment.  
It i s  recommended t h a t  the  computer program d e s c r i b e d  i n  t h i s  r e p o r t  b e  
mod i f i ed ,  e i t h e r  f o r  t h e  JPL computer f a c i l i t y  o r  f o r  the '  EOS machine,  
t o  produce  p l o t s  o f  t h e  impor t an t  parameters  computed d u r i n g  t h e  Mars 
day. 
b e s t - c a s e  c o n d i t i o n s  which could be  pub l i shed  i n  t h e  form o f  a d e s i g n  
handbook f o r  Mars l a n d e r  v e h i c l e s .  I n  t h e  e v e n t  i t  should  be  d e s i r a b l e  
t o  produce t h e s e  p l o t s  manual ly ,  t h e  computer program i n  i t s  p r e s e n t  
form w i l l  b e  adequa te ,  and o n l y  t h e  i n p u t  parameters  remain t o  b e  
s p e c i f i e d .  
These graphs would t h e n  b e  used t o  d e f i n e  envelopes o f  wors t -  and 
A s  a f u r t h e r  recommendation, i t  appears  f e a s i b l e  t o  a d a p t  t h e  p r e s e n t  
computer program t o  c a l c u l a t e  t h e  power o u t p u t  o f  a n  o r b i t i n g  pane l .  
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